Polariton condensates are investigated in periodical potentials created by surface acoustic waves (SAWs) using both coherent and incoherent optical excitation. Under coherent resonant pumping, condensates are formed due to polariton-parametric scattering from the pump. In this case, the excitation spectrum of the condensate shows a strong reduction of the energy gap arising from the acoustic modulation, indicating efficient screening of the SAW potential by spatial modulation of the polariton density. The observed results are in good agreement with a model based on generalized Gross-Pitaveskii equations, with account taken of the spatial dependence of the exciton energy landscape. In the case of incoherent pumping, coexisting nonequilibrium condensates with s-and p-type wavefunctions are observed, which have different energies, symmetry, and spatial coherence. The energy splitting between these condensate states is also reduced with respect to the gap of the one particle spectrum below threshold, but the screening effect is less pronounced than in the case of coherently pumped system due to weaker modulation of the pump state. Microcavity polaritons are composite particles arising from strong exciton-photon coupling in semiconductor microresonators. Due to their excitonic component, polariton-polariton interactions are very strong, enabling the observation of stimulated polariton-polariton scattering, 1,2 nonequilibrium-polariton Bose-Einstein condensation (BEC), 3-5 superfluidity, 6 and polariton solitons. 7, 8 Polaritonpolariton interactions also define the size of vortices formed in polariton condensates 9 and modify the excitation spectrum of the condensates, leading to a diffusive Goldstone mode. 4, 5, 10 Recently, investigation of exciton-polaritons in a periodic potential became a topic in its own right. Study of the spatial coherence of nonequilibrium-polariton condensates arising from optical parametric oscillation (OPO) and condensate transport using surface acoustic wave (SAW) have been reported.
Microcavity polaritons are composite particles arising from strong exciton-photon coupling in semiconductor microresonators. Due to their excitonic component, polariton-polariton interactions are very strong, enabling the observation of stimulated polariton-polariton scattering, 1, 2 nonequilibrium-polariton Bose-Einstein condensation (BEC), [3] [4] [5] superfluidity, 6 and polariton solitons. 7, 8 Polaritonpolariton interactions also define the size of vortices formed in polariton condensates 9 and modify the excitation spectrum of the condensates, leading to a diffusive Goldstone mode. 4, 5, 10 Recently, investigation of exciton-polaritons in a periodic potential became a topic in its own right. Study of the spatial coherence of nonequilibrium-polariton condensates arising from optical parametric oscillation (OPO) and condensate transport using surface acoustic wave (SAW) have been reported. 11 Polariton condensation into p and d states under incoherent excitation has been observed in microcavities where weak one-dimensional (1D) and two-dimensional (2D) periodic potentials are created by metal patterning on the surface of microcavity. 12, 13 Furthermore, the formation of bright polariton solitons 14 in spatially modulated microcavity wires has been reported. 15 As well as exciton-polaritons, transport of indirect excitons in semiconductor quantum wells using SAWs 16 and electrode conveyor belts were also demonstrated. 17 We note that investigation of equilibrium cold atom condensates in periodic lattices has also been very productive with observation of superfluid-to-Mott insulator transition, 18 particle number squeezing, and bright gap solitons. 19 Without the periodic potential, polariton-polariton interactions have been shown to determine the excitation spectrum of a condensate, which is a diffusive Goldstone mode 4, 5, 10, 20 approaching a sound like Bogoliubov dispersion at higher k-vectors. Bogoliubov soundlike dispersion of excitations of incoherently pumped polariton condensates has been suggested in Refs. 21 and 22 . For the equilibrium self-interacting BEC in a periodic potential, the interparticle interactions result in a linear soundlike dispersion at small wavevectors, but Brillouin zone structure in the excitation spectrum with opened gaps at higher momenta was shown to remain. 23 In this paper, we study nonequilibrium-interacting condensates in an external periodic potential induced by SAWs, which coexist together with a large density of polaritons in an external reservoir, which is also subject to interactions with the potential and with the condensate. Polariton condensates using coherent and incoherent excitation were addressed. In the case of coherent resonant excitation into the lower polariton (LP) branch, a polariton condensate (OPO signal) forms due to polariton-polariton pair scattering from the pump. 24 Incoherently pumped condensates were formed under resonant excitation of the excitonlike LP branch due to multiple polariton-polariton and polariton-phonon scattering. Under coherent resonant pumping, the excitation spectrum of the OPO high density state shows no observable gap due to spatial modulation, indicating efficient screening of the SAW potential by the modulated polariton density in the system. Further insight into the reasons behind the screening is obtained by measuring the intensity of the diffracted pump laser beam at different SAW amplitudes and optical densities. The spatial modulation of the highly populated pump state strongly affects the effective potential, which is seen by single particle excitations. In the case of incoherent pumping, nonequilibrium-coexisting condensates with s-and p-type wavefunctions are observed, which have different energies, symmetry, and spatial coherence due to the nonequilibrium character of the polariton system. The energy splitting between these condensate states is also reduced with respect to the gap of the one particle spectrum below threshold, but the screening effects are less pronounced than in the case of the coherently pumped system probably due to smaller modulation of the pump state under these excitation conditions. . (b) Calculated single-particle polariton spectrum in periodic potential. s denotes the polariton ground state, whereas s , p denote states of the first and the second bands at the MBZ boundary, respectively. (c) Unmodulated polariton dispersion versus k x and k y . Pump-excitation conditions for optical parametric oscillation (P OPO ) and nonequilibrium polariton BEC (P BEC ) are shown.
I. EXPERIMENTAL TECHNIQUE AND SAMPLES
The studies were carried out on GaAs-based microcavities grown by molecular beam epitaxy. 11 The condensates were generated in two distinct ways, namely, pumped by continuous wave (CW) lasers in resonance with the LP branch and with the exciton reservoir, respectively, which lead to macroscopically occupied states (condensates) arising either from OPO 1,2 or incoherent-polariton relaxation. 25 OPO condensates, which are inherently nonequilibrium, result from a parametricscattering process in which two pump polaritons scatter into signal and idler polaritons, fulfilling simultaneously energy and momentum conservation [ Fig. 1(c) ]. As a result, three coupled macroscopically occupied states (pump, signal, and idler) are formed. It is important to note that the phase of the signal in the OPO forms spontaneously and is independent of that of the pump laser, which implies the breakdown of U (1) symmetry at the phase transition as in a standard BEC. 10 For excitation resonant with the exciton-like polariton states, by contrast, a nonequilibrium BEC forms through the incoherent relaxation of polaritons from a high energy exciton reservoir; this takes place mainly via polariton-exciton and polariton-polariton scattering. 26 Although the OPO signal and BEC are created in different ways, they exhibit very similar characteristic properties such as long spatial 11 and temporal coherence. 27 The spatial modulation of the polariton potential by acoustic fields was introduced by SAWs of wavelength λ SAW = 8 μm propagating along a nonpiezoelectric [010] direction [the y direction in Fig. 1(a) ]. 11 The experiments were performed at 5 K on a region of the sample surface with nearly zero energy detuning between the excitonic and photonic modes at wavevector k = 0. The polariton emission was recorded with spectral resolution of ∼60 μeV. Below we express the amplitude of the SAW potential u as the square root of the external nominal rf power applied to the interdigitated transducer generating the SAW on the sample.
II. POLARITON EXCITATIONS IN OPO CONDENSATES
We first investigate OPO condensates resonantly excited by a pump laser (p) with in-plane wave vector Fig. 1(b) ]. For low optical excitation densities well below the OPO threshold (I OPO(th) ∼ 600 W/cm 2 ), the polariton dispersion is obtained from the measurement of far-field photoluminescence (PL). Figure 2 (a) shows the polariton PL intensity versus energy and momentum k y at applied amplitude of SAW u = 2.81 mW 0.5 . There is a well-resolved energy gap of about E gap = 180 μeV observed at the edge of the first mini-Brillouin zone (MBZ), at ±k SAW /2 = ±π/λ SAW , indicating the formation of a polariton lattice in the presence of the SAW. 28 To a first-order approximation, the value of this gap is equal to half the peakto-peak amplitude of the periodic potential V SAW induced by the acoustic wave. A further perturbation of the LP dispersion is observed at the edge of the second MBZ ± k SAW , where the band gap, due to spatial modulation, is significantly smaller.
For optical powers close to the condensation threshold, polariton-polariton pair scattering from the pump is permitted into a wide range of states 0 k 2k p obeying energy and momentum conservation rules. In planar unmodulated structures, it was observed that above the threshold selforganization occurs, leading to the formation of a macroscopically occupied signal condensate at k ∼ 0 containing 500-1000 particles as well as a weaker idler at k ∼ 2k p . 29 In the case of the applied SAW potential, the OPO behavior is different. The SAW induces a spatial modulation of both the signal and pump states, thus creating weaker pump polaritons with wave vectors k = (1.4, ± 1)k SAW due to diffraction, as well as modulation of the signal. Emission from the diffracted polaritons has intensity 4% of the main pump mode at k p . that such condensation proceeds by scattering between the main pump beam and its weaker diffracted replicas, which provides an additional gain channel. 11 The application of the SAW potential leads to spatial modulation of the extended condensate, where polariton particles concentrate mainly at the minima of the SAW potential. It was also revealed that at these intermediate SAW powers the g (1) -spatial correlation function of the OPO signal is also spatially modulated and extends over 2-3 SAW periods. 32 The corresponding condensate emission with maxima at k y = ±k SAW /2 suggests that the phase difference between the condensates in adjacent potential minima is equal to π rather than zero. 32 Finally, at higher SAW amplitudes (u = 2.88 mW 0.5 ), the momentum of the condensate is no longer well-defined, and the emission pattern in momentum space spreads over the whole MBZ branch due to the stronger confinement. It is observed that at this SAW amplitude the spatial coherence of the OPO signal is reduced down to the size of a single potential well (∼ λ SAW /2 = 4 μm). We now focus on the polariton emission at energies and momenta higher than that of the condensate emission. This emission has intensities 50-70 times smaller than that of the condensate in the first MBZ and represents the dispersion of elementary excitations of the optical parametric oscillator high density state. 10 Similarly, the excitation spectrum of the incoherently pumped polariton condensate has been experimentally investigated in Ref. 21 . It is seen from Figs. 2(c)-2(d) that no visible energy gap between the condensate and the higher energy emission is observed at k y = ±k SAW /2. We superimpose the one particle polariton dispersion measured experimentally below the condensation threshold (thick white lines) on the condensate emission spectrum in momentum space. Taking account of renormalization of the LP spectrum in the condensation regime due to strong polariton-polariton interactions, the dispersion below threshold was blue shifted so that the dispersion overlaps with the condensate emission in energy-momentum space above threshold. It is seen that an energy gap (if one exists) due to spatial modulation is strongly reduced compared to that below threshold. For example, the experimental polariton dispersion above threshold at k > k SAW /2 is about 70 μeV below the white line dispersion measured below threshold in Fig. 2(d) , indicating the gap in the excitation spectrum is smaller than ∼80 μeV. Below, we argue that the reduction of the gap arises from efficient screening of the SAW potential by the modulated polariton density: excitations of the OPO condensate interact with both the acoustic wave and the modulated polariton density, which act in opposite senses to one another, leading to a reduced effective polariton potential.
In the OPO regime, the contact polariton-polariton interaction leads to the energy renormalization of the one particle excitation spectrum of the condensate. 29, 31 Given that the pump-polariton density is an order of magnitude larger than that of the signal, 27 the signal-pump interaction is likely to be dominant in the renormalization of the OPO excitation spectrum. Below, we provide a quantitative analysis of the mechanism responsible for the screening of the SAW potential in the OPO regime. Consider the case of spatially unmodulated polaritons. A single-mode model, describing the self-interacting pump mode polaritons excited with an external laser and taking into account the detuning of the external pump frequency with respect to that of the LP branch, predicts a bistable behavior of the pump-polariton population as a function of the external laser power. 29, 31 In our case, the parameters of the system are such that the bistability threshold usually coincides with the OPO condensation threshold. 33 According to this model, at increased detuning of the pump frequency with respect to the LP branch, a stronger optical excitation power and hence a higher pump-polariton density is required to bring the LP mode into resonance with the laser and to switch on the OPO. Once such a critical pumppolariton density is created, it becomes difficult to inject more pump polaritons into the system, since a higher polariton population blue shifts the polariton resonance away from the laser frequency. Thus, above the threshold, the polariton density grows slowly and sublinearly with respect to the pump power. 29, 31 Polariton modulation by the SAW results in a spatial modulation of the frequency detuning between the pump and the LP branch resonance. Following the previous discussion, a higher pump-polariton population in the SAW minima than that in the SAW maxima is created at powers above the OPO threshold, leading to a spatial modulation of the pump-polariton density in antiphase with the SAW potential. As a result, an effective periodic potential experienced by polaritons propagating in the presence of the SAW potential and the modulated pump density is reduced with respect to the SAW potential only.
Further insight into the behavior of the pump-polariton density and, hence, of the effective polariton potential as a function of the pump and SAW power, can be obtained by studying the first-order diffraction replica of the pump beam. Its intensity is determined by the magnitude of the pump field inside the microcavity as well as by the spatial modulation of this field due to interaction with the SAW. Figure 3(a) shows the intensity of the diffracted pump beam versus external pump power I L at fixed SAW amplitude (u = 2.8 mW 0.5 ). It first increases linearly with I L for pump power I L < 300 W/cm 2 below the nonlinearity threshold, because the pump field inside the microcavity is a linear function of I L and the SAW amplitude. The bistability of the internal pump field described previously, however, leads to sublinear behavior and saturation of the diffracted beam intensities above the OPO threshold at I L > 600 W/cm 2 . Indeed, the amplitude and the modulation depth of the pump density are expected to vary only very slightly at higher pump powers, whereas the phase of its modulation is also shifted by π with respect to the SAW modulation.
We also investigated the intensities of the diffraction replica at fixed pump I L ∼ 800 W/cm 2 above OPO threshold versus SAW amplitude. It is observed to increase linearly with u at SAW amplitudes u < 1.5 mW 0.5 , as shown in Fig. 3(b) . Again, this result is consistent with our qualitative consideration: the higher the SAW amplitude, the stronger the modulation of the polariton density (which compensates the SAW potential), leading to higher intensity of the diffraction replica. At higher SAW amplitudes, slight thermal broadening of the polariton states as well as an energy redshift of the polariton dispersion may lead to reduction of the modulation depth, which qualitatively explains the sublinear dependence of the intensity of the diffraction replicas at higher SAW amplitudes [ Fig. 3(b) ].
III. NUMERICAL MODELING OF OPO CONDENSATES IN PERIODICAL POTENTIAL
Previously we used a qualitative bistability model for the pump-mode field as a function of pump power to explain the reduction of the effective potential due to the modulated polariton density in the presence of the SAWs.
In reality, the OPO system is more complicated: the internal pump field depends not only on the cavity parameters and pump energy but also on the population of signal and idler states. Here we perform a simulation of the OPO system subject to a periodic potential using a semiclassical model based on many-mode 2D Gross-Pitaevskii equations. Such a model is well suited for a realistic description of the OPO regime in cavity-polariton systems. The effect of the SAW is taken into consideration by pre-setting an explicit sinusoidal distribution of the exciton frequency in the y direction.
In the scalar ("spinless") approximation,
Here, ψ C,X are the amplitudes of the photon and exciton components of the intracavity field, E (r) is the amplitude of the pump wave with frequency ω p , α is the response coefficient, g is the exciton-photon coupling strength (so that the Rabi splitting equals 2g), and G is the exciton-exciton interaction constant. 2D photons and excitons are characterized by the k = 0 frequencies ω
C,X and decay rates γ C,X ; the exciton effective mass m X is much larger than that of cavity photon (m C ), so that the exciton free-energy term (−h 2 ∇ 2 /2m X ) is neglected. The SAW periodical potential is characterized by its amplitude V SAW and wave vector k SAW .
In the simulations, we assume m C = 3 × 10 −5 m e , where m e is the free electron mass, γ C = 0.25 meV and γ X = 0.1 meV, ω
X (so that photon-exciton mismatch at k = 0 is zero), and Rabi splitting 2g = 6 meV. The pump is a spatially uniform wave with in-plane wave number of k p = k px = 1.4 μm −1 and uniform time dependence.hω p is 0.25 meV larger than the unperturbed LP resonance at k = k p . G = 1, so that |ψ X | 2 has the dimension of energy. The effective potential has a period of λ SAW = 8 μm and is applied in the y direction, so that k SAW = (0,2π/λ SAW ). It is characterized by the modulation amplitude V SAW = 0.3 meV for the exciton component. Because ω
X , the polariton modulation potential appears 2.0 and 1.5 times smaller at k = 0 and k = k p , respectively. Figure 4 (a) represents the PL spectrum under very weak excitation, revealing the SAW-modulated polariton dispersion. In this case, the polariton emission arises mainly from zeromean field fluctuations (Langevin noise), and we took very small spectral linewidths γ C,X for better representation. The spectrum has a well-pronounced Brillouin zone structure with a band gap of approximately 0.15 meV. Figure 4(b) shows the spectrum at a pump intensity near the threshold for parametric generation, where the momentum-space distribution of the signal becomes very narrow. It is seen that the dominant OPO signals appear in the k y = ±k SAW /2 directions in agreement with the experimental observation. 27 We note that in real space the calculated signal intensity (not shown) exhibits maxima at the minima of the SAW potential, whereas the difference between the phases of signal wavefunction in adjacent potential minima is π . This is consistent with a condensation into s states at the edge of the first MBZ [ Fig. 1(b) ]. Thus, in the case of resonant pumping the symmetry of the condensate appears to be imposed by the resonance blue shifts. By contrast, incoherently pumped condensates (see Ref. 12 and the next section) form in a p state that shows intensity maxima at the maxima of the SAW potential.
Our model allows one to extract the steady-state spatial distribution of polariton density (taking into account the intermode polariton-polariton scattering) and, hence, to track the screening of the SAW potential due to the blue shift of the polariton energy with increasing pump power. Figure 5 represents the low-field polariton energy perturbation due to the SAW at k = 0, E SAW (y) = 1 2 V SAW cos (k SAW y) (here a factor of 1/2 accounts for the 50% exciton content in the polariton eigenstate), the blue shift due to exciton-exciton interactions, E shift (y) = 1 2 G |ψ X (x = 0; y)| 2 , and the resultant k = 0 effective polariton-energy landscape, E eff (y) = E SAW (y) + E shift (y) at a pump power 1.5 times above the threshold. At the wavevector of the driven mode k = k p , the pump energy is detuned with respect to the unperturbed polariton energy minima and maxima below threshold by 0.45 meV and 0.05 meV, respectively. The blue shift due to the bistability-induced transition nearly compensates the frequency detuning of the pump with respect to the unperturbed resonance. Accordingly, the maxima of the PL intensity above the threshold correspond to the minima of the SAW potential. As a result, the effective potential experienced by polariton elementary excitations of OPO high density state is reduced by a factor of 3 with the resultant reduction of the energy gap from
= 0.15 meV down to 0.05 meV, which agrees well with the experiment.
The screening of the SAW potential is also revealed by the pump-power dependence of the first diffraction maxima of the pump mode [ Fig. 5(b) ]. Below the threshold, the |ψ X | 2 ψ X terms are negligible with respect to the effective intermodepolariton interaction caused by the inhomogeneity of the exciton landscape. If the latter is sinusoidal, the intensities of the diffraction replicas should increase proportionally to V SAW |ψ| 2 . Such a behavior drastically changes upon reaching the threshold: the jump in |ψ| 2 is accompanied by a sharp drop in the diffraction maxima since the potential is partially screened out and the diffraction rate lowered. Eventually at high pump powers, the intensities of the pump replicas change very slowly, which is in good qualitative agreement with the experiment.
IV. INCOHERENTLY PUMPED BEC CONDENSATES IN SAW POTENTIAL
We now turn to the coherence properties of condensates formed under optical excitation at the exciton energy at a large angle of incidence of 30
• [indicated by P BEC in Fig. 1(c) ]. This excitation condition is very similar to that employed in Ref. 26 to excite a nonequilibrium polariton BEC. Figures 6(a) and 6(b) display dispersion images recorded at an optical power 1.5 to 2 times above the BEC condensation threshold I BEC (th) = 2.2 × 10 4 W/cm 2 in the absence and presence of a SAW (u = 3.3 mW 0.5 ), respectively. To achieve the high optical densities required for excitation in resonance with the excitonlike LP branch, the experiments were carried out using an elliptical 8 × 25 μm excitation spot with the long axis aligned along the SAW direction. As in the OPO case, a macroscopically occupied s state forms at k = 0 in the absence of the SAW. With the SAW, the relaxation from the high energy excitonlike states populates the minima of both the first and second folded MBZ, leading to condensation into the s and p states, indicated on Fig. 1(b) . Such behavior, which has been reported for static gratings and explained by a rate equation model for the relaxation process, 15 is not observed for the OPO, where the phase-matching conditions restrict condensation to the lowest folded branch. By contrast, the parametric process leading to population of the s zone boundary states found in the OPO cannot occur for the incoherent relaxation of the BEC case.
Figures 6(c) and 6(d) display the first-order spatial correlation function g (1) (y,−y) of the s and p states, respectively. The correlation function was extracted using the procedure described in Ref. 3 . The full width at 1/2.7 of the maxima of g function gives the corresponding coherence lengths along the y direction. For the s states, the coherence length L s reduces from the unperturbed value of ∼10 μm to ∼5-7 μm under strong acoustic excitation (u = 3.3 mW 0.5 ). This clearly shows that the reduction of the spatial coherence of the s states is directly related to the spatial confinement of the condensates. Surprisingly, the coherence length for the p states of L p ∼ 13 μm (limited by the finite size of the laser spot) is greater than that found without a SAW. In contrast to the bonding s states, the p states have an antibonding character and lie energetically above the potential ( E SAW ). 12 The longer p-state coherence is attributed to the larger extent of their wave function, which spreads over more than one SAW period. The fact that the coherence length of the p state (13 μm) exceeds the one for the unperturbed condensate (10 μm) may also be related to its symmetry, which allows a greater spreading in real space.
The coexisting s-and p-type condensates, characteristic of the nonequilibrium polariton system, 34 interact with each other as well as with the modulated density of the pump and exciton reservoir. The simultaneous observation of the s and p condensates allows an estimation of the effective potential amplitude ( E eff ) in the condensation regime. At low u the energy difference E sp between s and p condensates sets an upper limit for the energy gap at the MBZ boundary E eff /2, which is slightly smaller than E sp due to weak polariton dispersion in the first Brillouin zone. At high SAW amplitude, the flattening of the lowest dispersion branch leads to E sp ∼ E eff /2. By changing the rf-amplitude by a factor of three (from 1 mW 0.5 to 3.16 mW 0.5 ), the energy splitting E sp can be tuned from 0.1 to 0.16 meV, as shown in Fig. 7 . A comparison with the case below threshold reveals that E sp is reduced above threshold by a factor of ∼1.3 with respect to the energy gap E gap ≈ V SAW /2 below threshold, as expected from partial screening of the SAW potential at high polariton densities.
We note that in the BEC case the spatial modulation of the pump field is strongly reduced compared to the OPO case due to the quite broad exciton linewidth (full width at half maximum ∼0.6 meV), which is much larger than the spatial modulation of the exciton energy (0.2 meV at u = 2.87 mW 0.5 ). In this case, polariton-polariton interactions within the BEC s and p states might play a more important role in the screening of SAW potential. This may explain why the gap between the first and the second MBZ in the condensation regime is at least a factor of two larger than in the OPO case.
V. CONCLUSION
In conclusion, we observe strong reduction of the energy gap in the excitation spectrum of OPO condensates due to strong modulation of the polariton density in antiphase with the SAW potential. The observed results are explained quantitatively by numerical modeling of the OPO subject to the SAW potential using generalized Gross-Pitaevskii equations. In the case of incoherent pumping, nonequilibrium-coexisting condensates with s-and p-type wavefunctions are observed, and the energy splitting between these condensate states is also reduced with respect to the gap of the one particle spectrum below threshold. However, the screening effects are less pronounced due to weaker modulation of the highly populated pump state.
